Iron (Fe) deficiency is the most prevalent nutrient deficiency worldwide. Agronomic biofortification is an agricultural strategy for improving the micronutrient concentrations in staple food plants. At present, fertilization is a major vehicle for changing plant mineral contents and food quality. A greenhouse study was conducted to assess the effects of iron chelate and ferrous sulfate applications on the biofortification of Fe and its impacts on the mineral content and yield of cowpea beans. Four application rates of both forms were tested (0, 25, 50, and 100 µM L -1 ) for 40 d. The amount and type of Fe application affected the mineral seed content, yield and yield components. Applying of Fe in the form of ferrous sulfate at 25 µM L -1 was found to be the optimal rate for biofortifying the cowpea bean plant, because it favored the seed yield and increased the bioavailable Fe content in the seeds over that of the control. The best iron chelate rate was 100 µM L -1 . Thus, it was considered feasible to implement an Fe fertilization program to improve the nutritional quality of cowpea bean crops by increasing the Fe concentrates in the seeds.
Introduction
Grain legumes (also known as pulses) occupy an important place in global food and nutrition, and they are an important constituent of the diets of a very large number of people. Legumes are rich not only in proteins but also in other nutrients such as starch, oil, vitamin, and minerals (Katoch, 2013) .
Most of the nutritional requirements of the rural population are still met by legumes, which constitute an important source of protein.
The cowpea bean (Vigna unguiculata [L.] Walp) is a dicotyledonous plant belonging to the order Fabales, family Fabaceae, Faboideae, Phaseoleae tribe, subtribe Phaseolinea, and genus Vigna. It is used in different parts of the world in traditional and cultural practices and, therefore, its cultivation is restricted to specialized geographical pockets in different agroecological regions, primarily by poor farming communities that derive their sustenance and livelihood from such crops (Carvalho et al., 2012) . As a result, the cowpea is commonly referred to as 'poor man's meat', particularly among the inhabitants of rural areas and urban slums in Tabasco, Mexico. The grains are processed into different types of food products such as tamalitos, bean tortillas, and soup. Green, immature cowpea pods are harvested and sold in local markets for consumption as a vegetable.
Iron (Fe) is an essential micronutrient for plants and for humans, and it is a constituent of a number of important macromolecules, including those involved in respiration, photosynthesis, DNA synthesis, and metabolism (Briat, 2011) . Plants obtain Fe from the soil, where Fe exists in either the ferrous (Fe
Although Fe is the fourth most abundant element in the earth's crust, it is poorly bioavailable in soil because it binds rapidly to soil particles and forms insoluble complexes under aerobic conditions at a neutral or alkaline pH (Gómez-Galera et al., 2010) . There are estimates that some 3 billion people worldwide are afflicted by Fe deficiency; this deficiency is known to be particularly common in populations that depend on staple crops as the primary food and have little or no access to animal products (White and Broadley, 2005) .
Agronomic biofortification is defined as the process of increasing the concentrations of essential elements in the edible portions of staple food plants through soil application, foliar application, by adding the elements to irrigation water (fertilization) or genetic improvement. This strategy was developed as a foodbased method to address widespread deficiencies in Fe and Zn that remain prevalent to the greatest extent in low income countries (Sadeghzadeh and Rengel, 2013; Mao et al., 2014) . Micronutrient malnutrition, which is also known as "hidden hunger", is a major public health issue in most parts of the world and affects more than two billion people (Welch and Graham, 2004 ). More than 60% of the world's population is Fe deficient (Amarakoon et al., 2012) . 
Materials and Methods

Crop design and plant sampling
The pot experiment was conducted at the Academic Divi- 
2.2.Determining mineral nutrients
The seed material was thoroughly cleaned and ground in a Willey mill to pass through a 2-mm mesh and stored in airtight bags for further analysis. Following Wolf (1982) , the N, P, K, Ca, Mg, Fe, Mn, Zn, and Cu were mineralized by wet digestion. For this process, 0.2 g of dry cowpea beans was ground and mineralized with 12H 2 SO 4 and 30% H 2 O 2 , with free P, at a temperature from 275 °C to 300 °C. Following the resulting mineralization, and after the addition of 20 mL of deionized H 2 O, the mineral nutrients were determined as describe above.
The total N concentration and total crude protein content (N × 6.25) were determined by using the standard micro-Kjeldahl method (AOAC, 2002).
The total P concentration was determined by using the colorimetric nitrovanadomolybdate method, and the total K concentration was analyzed by flame photometry (Alcántar and Sandoval, 1999) . The total Mg and Ca concentrations were quantified by atomic absorption spectrophotometry, as were the micronutrients Fe, Cu, Mn, and Zn. All measurements were run in triplicate.
The physical characteristics of the seeds and their yields
The axial dimensions of length, width, and thickness for 25 whole healthy seeds were measured with a digital slide caliper with an accuracy of 0.01 mm (Mitutoyo). One hundred seeds from each treatment were weighed separately by using a digital electronic balance with an accuracy of 0.01 g (Sartorius 6124), and the total weight was recorded as the 100-seed weight.
The plants were harvested 90 days after sowing, and the yield was expressed as the mean seed weight per plant. The collected cowpea beans were weighed on each plant at sampling. The seed yield was computed to have a 13% moisture content.
Statistical methods
The statistical significance for each treatment was assessed by using an orthogonal contrast test provided by the statistical package SAS 9.2 for Windows (SAS Institute, 2009).
Results and Discussion
Mineral content
Plants are the principal source of minerals for most of the Earth's population. In the present study, the highest crude protein and N contents were found in plants treated with 50 µM L -1 ferrous sulfate and 100 µM L -1 iron chelate with an increase of 5.0% and 3.6%, respectively, over the control ( Figure 1A-1B) .
These values are frequently reported in the literature for cowpea bean seeds, and they range from 16.4%
to 29.0% and 2.6% to 4.6%, respectively (Carvalho et al., 2012 iron chelate ( Figure 1C) , respectively, whereas the K content declined by 10.07% and 12.9% with 25 and 100 µM L -1 ferrous sulfate, respectively, and 11.1%, 17.7%, and 10.3% with 25, 50, and 100 µM L -1 iron chelate, respectively ( Figure 1D ). However, the Ca and Mg contents increased by 28.5% and 8.8%, respectively over the control, with 25 µM·L-1 ferrous sulfate ( Figure 1E ), and 25.0% and 13.6%, respectively, with 50 µM L -1 iron chelate ( Figure 1F ). In this sense, low seed concentrations of N, P, K, Mg, Ca and S affect the levels of protein, fats, vitamins, antinutrientes, and other factors, in seeds (Welch and Graham, 2005) . In the present study, the concentration of cationic macronutrients in the seed tissue was less pronounced than it was in the results of a study by Espinosa-Moreno et al. (2013) , who found that the seed N, P, K, Ca, and Mg contents were 3.5%, 0.35%, 1.52%, 0.28%, and 0.22%, respectively, with especially pronounced results for Ca and K. Because of its poor phloem mobility, Ca is known to be predominantly deposited in the vegetative tissues of maturing plants (Marschner, 2002) . 33.6%, 29.3%, and 32.5% with 25, 50, and 100 µM L -1 iron chelate, respectively, over the control ( Figure   2B ). In this sense, lower macronutrient concentrations (e.g., P and N) in seeds may sometimes be associated with a lower seed Zn concentration (Rengel, 2002) .
In comparison with the control, the Mn content declined by 20.7% and 12.9% with 100 µM L -1 ferrous sulfate and 25 µM L -1 iron chelate, respectively (Figure 2C) . However, the B content increased by 4.2%
with 50 µM L -1 ferrous sulfate and by 25.6%, 25.6%, and 18.1% with 25, 50, and 100 µM L -1 iron chelate, respectively, over the control ( Figure 2D ). The acquisition of metal ions, such as Fe, is important for plant survival. Iron has special importance because its ability to change redox states, making it an indispensable cofactor that is responsible for the function of electron transporter chains and catalytic processes (Briat, 2011 ). However, Fe over accumulation may lead to the overproduction of reactive oxygen species, resulting in cellular damage, necrosis, and, potentially, death. Therefore, the amount of Fe taken up by the roots must be strictly controlled (Ravet et al., 2009) .
The re-partition of Fe between the various parts of a plant depends both on the physiological roles that are fulfilled by the metal ion and on the physiological function of the tissues. In this sense, the concentrations of free Fe 2+ and Fe 3+ in plant tissues are low because Fe cations are either incorporated into enzyme proteins or complexed with low-molecularweight organic compounds (Briat, 2011) .
Studies on wheat plants showed that raising the grain protein concentration increased the storage capacity for Fe and Zn Kutman et al., 2010) , supporting the idea that the grain capacity for accumulating Fe is largely influenced by the amount of grain protein (Gomez-Becerra et al., 2010) . These results and observations support the suggestion that the seed protein content helped to increase the seed Fe content of plants in this study.
The physical characteristics of the seeds and the yield
Trace elements are also important for the proper development of humans and plants, and they are normally required in small quantities. Fe is involved as a redox-active metal in photosynthesis, mitochondrial respiration, nitrogen assimilation, hormone biosynthesis, the production and scavenging of reactive oxygen species, osmoprotection, pathogen defense, and as a limiting factor for biomass production (Briat, 2011) .
The ranges of the cowpea bean seed dimensions were 7.1 to 8.3 mm long, 5.3 to 5.9 mm wide, and 4.1 to 4.8 mm thick (Table 1) , and the 100 seed weights varied from 12.0 to 15.0 g, which was consistent with measurements from the literature (Giami, 2005; Firouzi and Alizadeh, 2012 
Conclusions
Our experimental results suggest that the mineral seed 
